The second generation of a sample chamber designed for in situ measurement of temperature-and time-dependent polymer film nanostructure using the method of grazing incidence small angle x-ray scattering is presented. An increased operating temperature limit ͑from 260 to 400°C͒ with precise control ͑±0.1°C͒ at fixed temperatures as well as a fourfold increase in maximum instantaneous cooling rate ͑up to 73°C / s͒ relative to the first generation chamber ͓M. N. Groves et al, J. Appl. Crystallogr. 39, 120 ͑2006͔͒ are reported. Thermal quenches from 220 to 90°C are shown to be reproducible to within ±1°C of the final temperature. Experimental tests on spin-coated films of symmetric diblock styrene-butadiene copolymer demonstrate the ability to resolve the kinetics of orientation of lamellar domains parallel to the silicon substrate, distinct from the initial formation of randomly oriented lamellar domains immediately following the thermal quench.
I. INTRODUCTION
Nanoscience research in the new millennium is driven to a considerable degree by the promise of novel materials and devices resulting from nanotechnology developments. At the nanometer length scale, surface effects are known to play a dominant role in controlling the static and dynamic properties of materials. 1, 2 This fundamental fact implies an obvious need for surface-sensitive characterization tools to enable the study and manipulation of these properties. Grazing incidence small angle x-ray scattering ͑GISAXS͒ is a rapidly maturing technique that has proven to be of great utility in the study of material surfaces at length scales ranging from about 1 to 100 nm. 3, 4 It offers access to high resolution, in situ measurements of nanoscale structure and dynamics with clear advantages over established microscopy methods. 5 In addition, the generally high scattering intensity makes time-resolved measurements of polymer dynamics on time scales ranging from seconds to minutes accessible. 4 For many applications, the technique can be assumed to be effectively nondestructive though careful attention must be paid to the potential for x-ray damage 6 of soft materials, particularly when relying on intense synchrotron sources.
Block copolymer materials are composed of two or more distinct polymer units covalently linked together. The components are typically incompatible leading to spontaneous self-ordering and the formation of regular arrays of microdomains ͑lamellae, gyroids, cylinders, spheres, etc.͒ at the nanometer scale. 7 The static and dynamic properties of microphase-separated copolymer systems have been well studied in the bulk phase. 8, 9 It is now known that surface microstructure and polymer chain mobility can differ significantly from the bulk phase and, in the case of thin film materials, varies with both film thickness and interfacial interactions. Block copolymer films are used in a steadily growing range of diverse applications 10 including selective membranes, lubricants, plastic electronics, 11 nanopatterned templates for protein confinement, 12 and quantum dot synthesis. 13 Future developments can be expected as our ability to exercise morphological control of polymer surfaces improves with the growing body of experimental and theoretical results in this area. 10, 14 GISAXS methods have been very effectively applied to the characterization of equilibrium phase behavior of these fascinating materials for several years now. 3, 4, [15] [16] [17] Much less attention has been paid to the study of phase dynamics in block copolymer films where surface-directed phase separation processes can be expected to occur. 1, 18, 19 This type of information is an essential component of ongoing research into the fundamental physics of block copolymer films.
In this article we present the second generation of a versatile GISAXS sample chamber capable of precise temperature control ͑±0.1°C͒ of supported polymer films from room temperature ͑ϳ20°C͒ up to 400°C as well as fast, reproducible thermal quenches of varying depth. The current chamber offers significant improvements over an earlier version 20 via access to an increased maximum temperature ͑from 260 to 400°C͒, faster quench rates ͑up to 73°C / s͒, greater reproducibility in thermal quenches, and simplified sample handling procedures. There are, as yet, few reports describing GISAXS sample chambers. [20] [21] [22] [23] As will be dema͒ Author to whom correspondence should be addressed. Electronic mail: marsha@physics.queensu.ca.
onstrated here, the proposed system can be constructed at relatively low cost with the components being either readily available commercially or through the use of accessible machining techniques. The main design components of the GISAXS chamber will be described followed by demonstrations of the capability of generating reproducible thermal quenches. Our primary intended application is the study of first order phase transitions exhibited by supported diblock copolymer films at varying depths below the air-polymer interface. Preliminary synchrotron GISAXS results showing the time-resolved development of film microstructure following the thermal quench of a symmetric diblock copolymer system from the high temperature melt state will be presented as a demonstration of this type of application. The increased temperature limit can, in principle, extend the application of the reported GISAXS chamber to the study of temperature-dependent surface microstructure in a wider range of materials.
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II. DESIGN DESCRIPTION
A. Main sample stage
The primary design goal for the system is to provide uniform and stable heating with the ability to rapidly cool a supported polymer film with minimal thermal expansion in the direction of the sample surface normal. The latter requirement is particularly relevant for GISAXS alignment of the sample surface in the x-ray beam. As in the case with the previous chamber design, 20 a He sample environment is used to reduce x-ray absorption and sample damage from oxidation. Use of an evacuated sample chamber would typically exclude studies of polymer/solvent mixtures. The heart of this GISAXS sample chamber, the sample stage is a mostly hollow, 6 mm thick ͓Fig. 1͑a͔͒, elongated octagon made from two separate pieces of copper hard soldered together to ensure a high temperature seal. Water is passed through the hollow region for cooling, as described below. The bottom copper octagon segment is 4 mm high with a 2 mm thick trough milled out using a DMU 50T CNC milling machine ͑Deckel Maho͒. The milling process removes the bulk of the copper in this segment leaving behind cylindrical posts containing tapped through-holes which connect to the top copper plate and ensure efficient thermal contact between the heater and the sample. The tapped posts are used to fasten an H-shaped sample support section ͓Fig. 1͑b͔͒, also made of copper, and stainless steel positioning bars for securing the sample in the x-ray path with good thermal contact during temperature ramp/quench measurements.
B. Heating system
As described previously, 20 uniform heating is provided by a flat mica heater ͑Minco Products, Inc., model No. HM6830R18.3L12T2͒ fixed to the underside of the sample stage and supported by a stainless steel backing plate. These two parts are isolated from each other using ceramic paper. Temperature measurement is achieved using type-K thermocouples placed directly on the sample and fixed to the copper sample stage. The temperature across the region of the sample surface seen by the x-ray beam is uniform to within ±0.1°C. Direct temperature control is provided by a Eurotherm 818P4 controller reading the sample thermocouple with remote control provided by a LABVIEW ͑National Instruments, Austin, TX͒ program installed on a laptop computer. Sample stage temperature monitoring is also performed by a Eurotherm model 92 alarm unit to prevent accidental overheating. Four transformer voltage output levels ͑18, 36, 54, and 72 V͒ are available for heater control. Higher voltage settings ensure faster heating rates to higher temperatures with the ability to maintain these temperatures to better than ±0.1°C for effectively unlimited periods of time. When working at lower temperatures ͑20-40°C͒, the lowest transformer setting of 18 V is used to maintain temperature to the required precision of ±0.1°C.
C. Quenching system
The updated sample stage was specifically designed to improve past performance in generating rapid and reproducible thermal quenches through use of a sealed channel created by the mating of the two Cu octagonal segments as noted above. This provides a large surface area for direct contact between the stage and the coolant. Fast cooling is achieved using forced water under He pressures of 30-80 psi and slow cooling is obtained using low-pressure He flow at near-atmospheric ͑ϳ15 psi͒ pressure. Bimodal temperature control is therefore provided through access to active heating and cooling mechanisms. The current design of the sample stage has increased the fastest available cooling rate from the earlier maximum of about 17°C / s to a current maximum rate of 73°C / s. The input and output points for coolant flow are located at opposite ends of the elongated octagon, fixed to stainless steel pipes for thermal isolation of the sample stage. The coolant exit path connects to flexible Tygon® tubing after exiting the sealed chamber and finally into a U segment of 5.1 cm diameter polyvinyl chloride ͑PVC͒ with a simple plastic bottle attached to the bottom of the U for coolant collection. The far end of the U is left open to allow easy venting of the He propellant after quenching. The system used to deliver coolant to the sample stage is sketched in Fig. 2 . A single He cylinder ͑Fig. 2͒ pressurizes two separate paths of flexible PVC tubing for the delivery of the pressurized coolant and low-pressure He gas. The reduced He pressure is obtained using an adjustable needle valve in the low-flow line. The two He flow lines are controlled by a pair of solenoid valves ͑ASCO, 82632͒. The branched paths rejoin at the sample chamber intake after first passing through high-pressure spring-loaded check valves ͑McMaster-Carr, 8549T23͒ to prevent cross-contamination of the two lines during operation. A controlled amount of distilled water ͑ranging in volume from 10 to 60 ml, depending on the desired quench depth͒ is injected into a 6 m segment of the flexible tubing used for pressurized coolant delivery. This segment is easily removed and replaced using high-pressure chrome-plated brass quick-connecting couplers and plugs ͑McMaster-Carr item No. 5478K * ͒ for fast quenching experimental setup.
Significant improvement in the reproducibility of thermal quenches has been achieved by relying entirely on computer control of the solenoids in delivering controlled bursts of pressurized coolant and low-pressure He gas. The current system employs Eurotherm's manual output control option and determines the heater power output using the LABVIEW proportional-integral-derivative ͑PID͒ virtual instrument to determine the standard three parameters: proportional gain, integral time, and derivative time. The appropriate PID parameter settings are identified as those values needed to regulate the rate of temperature change as well as temperature overshoot. These values are adjusted for each transformer setting, temperature range, and the type of quench ͑fast temperature drop or fast temperature stabilization͒ desired. The LABVIEW program also incorporates easy adjustment of heater power output limits and maximum heating rates, an essential feature for the quenching process. Most importantly, true bimodal temperature control is now incorporated through use of the LABVIEW PID to control low-pressure He gas pulses for low levels of sample cooling, on the order of a few°C. This option is generally used immediately after the initial quench process to improve temperature stabilization at the desired final value. In general, implementation of LAB-VIEW's PID virtual instruments allows for flexibility and temperature control far superior to the Eurotherm 818P4 alone.
The fully automated quench routine requires input of the desired final ͑lower͒ sample temperature and a predetermined intermediate sample temperature at which LABVIEW will close the pressurized coolant valve. The quench from the initial high temperature is then initiated by opening the appropriate solenoid valve for coolant delivery and the PID virtual instrument assumes temperature control. As the sample nears the desired target temperature, the LABVIEW program controls the output of power to the mica heater and applies low-pressure bursts of He gas according to the previously determined PID parameters for the desired quench depth, thereby providing bimodal temperature control and rapid stabilization at the final, desired temperature.
D. Miscellaneous
Typical samples of interest include polymer films, ranging in thickness from about 0.2 to 1.0 m, spin coated onto clean Si wafers ͑University Wafer, Boston, MA͒ of 450± 25 m thickness. The Si wafer supported polymer film sample is mounted on a removable H-shaped copper piece which is fixed to the copper stage described above and ensures that the sample surface is raised and offers a clear path for the x-ray beam under grazing incidence geometry, as seen in Fig. 3 . GISAXS measurements are extremely sensitive to wafer curvature, a potential by-product of the need to fix the sample to the H support for good thermal contact and rigid positioning. The center of the H is milled down by 400 m to allow partial countersinking of the silicon wafer substrates which are held in place by rigid 3 mm thick stainless steel bars. The risk of inadvertently introducing wafer curvature has been greatly reduced by this very simple sample installation procedure.
In the previous chamber design, Macor®, a machinable ceramic known for its low thermal conductivity and low thermal expansion, was attached externally to the sample chamber and used to isolate the entire unit from the beamline hardware. In this revised version, Macor® is used to isolate the heater from in-chamber components which degrade below 400°C, the conservatively estimated upper limit of the redesigned chamber. The previous limit of 260°C in the previous chamber design was dictated by components known to degrade at this temperature, including the Omegabond 200 epoxy used to seal the Kapton® windows to the stainless steel lid and the Viton o-rings used to seal the lid to the Macor® stage and the Macor® stage to the supporting steel plate. The new design incorporates suspension of the sample stage above a Macor® chamber floor by two Macor® pillars. This Macor® floor also supports a stainless steel lid with Kapton® windows ͑25 m thick͒ ͑Fig. 3͒ providing the previously mentioned sealed environment. This assembly is supported from below by a stainless steel base with mounting bracket. Feedthrough lines for the He environment, coolant flow, heater power, and thermocouples pass through the Macor® stage and the stainless plate and are sealed with Omegabond 400 cement. This design provides the isolation necessary to limit the heating of temperature-sensitive components and ensures that the stainless steel base does not exceed 35°C when operating at the maximum of 400°C.
Note that there are two separate He lines that are served by two separate He gas cylinders: one to provide the He environment within the chamber and one for coolant delivery. Effective operation of the He flow for the sample environment is verified using a simple bubbler system. Extended use of the chamber at the working limit of 400°C without overheating of the lid or the external support stage may require additional auxiliary cooling which can be provided by directing airflow from a simple household fan over the chamber housing during operation.
III. DESIGN RESULTS
A. Improved temperature range
The new GISAXS sample chamber has been repeatedly heated up to 400°C with no obvious deformation or degradation of the components previously identified as viable only up to 260°C ͑o-rings and Kapton® window sealant͒. There has been no loss of the window sealing capability required for a stable He environment and thermocouple performance shows complete reproducibility.
B. Improved sample clamping mechanism
Significant care has been taken to ensure that measurable substrate curvature is not introduced as a result of the use of the clamping method. The effects of sample clamping can be simply monitored using a standard 670 nm diode laser oriented in grazing incidence geometry with respect to the sample surface with the specularly reflected beam projected onto a 1 ϫ 1 mm 2 grid placed approximately 8 m from the chamber. This approach was used to verify the existence of wafer bending with the clips used to secure the sample in the earlier version of the GISAXS chamber. 20 No significant distortion of the shape of the specularly reflected laser beam is observed with the current clamping assembly when the fasteners are tightened up to 0.014± 0.003 N m, sufficient to ensure maximum wafer heating efficiency. At this level of tightening, no distortion in the specularly reflected x-ray beam is observed as well. Heating of the system to 220°C does not introduce further changes in the shape of the specularly reflected beams.
C. Improved quenching capabilities
Quenches are produced by forcing water through the sample chamber with high-pressure He gas and then stabilized by the PID controller at the target temperature. The maximum instantaneous cooling rate of the bare Si wafer is 73°C / s, greater than a fourfold increase over the maximum rate offered by the earlier version of the sample chamber. Starting from an initial stable temperature of 220°C, the sample wafer temperature can be dropped by 100°C in 1.8 s. The maximum instantaneous heating rate is 1.5°C / s.
The Si wafer temperature profiles for a series of thermal quenches from 220 to 90°C are shown in Figs. 4͑a͒ and 4͑b͒. In Fig. 4͑b͒ , the results of four trials where the wafer surface temperature is taken from ͑220.0± 0.1͒°C to ͑90.0± 5.0͒°C in 5.0± 0.3 s are shown. The very rapid quenching process is achieved at the expense of a 5°C undershoot in final temperature. In Fig. 4͑a͒ , less coolant is used to achieve a slower quench of ͑220.0± 0.1͒°C to ͑90.0± 1.0͒°C in 10.6± 2.5 s with sig- nificantly less temperature undershoot. In every case, lowpressure He gas pulses are used to quickly halt the quenching process which tends to introduce some residual oscillation in temperature. All data are obtained in the presence of a He flow through environment in the sealed sample chamber.
As demonstrated by Figs. 4͑a͒ and 4͑b͒, thermal quenches are generally reproducible within the error bounds of the final temperature. Reproducibility can be further improved through access to temperature sampling rates faster than the current limiting value of 0.25 s −1 for better accuracy in pinpointing the intermediate temperature at which the solenoid valve closes the passage for pressurized coolant flow.
IV. EXPERIMENTAL APPLICATION
The performance of the GISAXS sample chamber in thermal quenching experiments was tested using the orderdisorder transition seen in symmetric diblock poly͑styrene-b-1,4-butadiene ͑SB͒ copolymer. 17 Polymer samples purchased from Polymer Source Inc. were synthesized by anionic polymerization with final molecular weights ͑M n ͒ of 9400 ͑poly-styrene͒ and 9900 ͑polybutadiene͒, and a polydispersity index ͑M w / M n ͒ of 1.03. Supported film samples were prepared by first dissolving the as-received SB in excess dichloromethane to form a 4 wt % ͑g ml −1 ͒ solution. The polymer solution was then spin coated at 500 rpm for 10 s and then 2500 rpm for 30 s onto cleaned 25 Si͑100͒ wafers. Polymer films were then annealed at 120°C for 12 h in a dry N 2 environment. The final film thickness, as measured by scanning electron microscopy ͑SEM͒, was about 1 m.
GISAXS measurements were performed at D line of the Cornell High Energy Synchrotron Source ͑CHESS͒ at Cornell University in Ithaca, NY. The basic beamline configuration is described elsewhere. 17 Working with an x-ray energy of 10.4 keV, the beam spot size at the sample was 100 m ͑vertical͒ ϫ 500 m ͑horizontal͒. The sampledetector distance was 1830 mm. Final calibration of the twodimensional ͑2D͒ charge coupled device ͑CCD͒ detector ͑1024ϫ 1024 pixels, with a pixel size of 47.2 m͒ was performed using a silver behenate standard and found to be 678 pixels/ deg. In addition to the usual primary beamstop blocking the direct beam, a vertical strip beamstop is used to protect the CCD detector from the specularly reflected beam.
The GISAXS chamber was mounted on the D-line sample stage support using the side-mounting adapter shown in Fig. 3͑b͒ . Two-dimensional GISAXS profiles, obtained with an incident beam angle of ␣ i = 0.25°, of the temperaturedependent polymer film structure at 150 and 90°C are shown in Figs. 5͑a͒ and 5͑b͒ , respectively. The 2D scattering profile is defined by two perpendicular axes 3 with the inplane exit angle expressed as 2 f and the out-of-plane exit angle expressed as ␣ f , relative to the sample surface. Relative to the direct beam, the out-of-plane scattering angle is generally referred to as ␦ = ␣ i + ␣ f . 4 At high temperature, the diffuse lateral streak at the Yoneda-enhanced 3,17 exit angle of ␣ f = 0.17°͑␦ = 0.42°͒ is apparent as well as the weak tail end of the direct beam seen above the sample horizon ͑␣ f =0°͒. At low T, a much more complex scattering pattern is observed. In addition to the Yoneda-enhanced structure, a series of diffuse peaks are seen in the vertical direction, extending beyond the vertical beamstop ͑outlined by the red rectangle͒, as well as a partial ring structure centered about ␣ f = 0°and 2 f =0°͑the direct beam͒. The apparent structure in the Yoneda streak at 2 f = ± 0.4°͑outlined by two black squares͒ is a result of enhancement of the ring of scattering centered about the reflected x-ray beam. 3, 17 This clear observation of nanostructure melting is completely reversible, as determined using repeated heating/cooling cycles with exposure to fresh sample surface regions 17 to avoid possible radiation damage. The partial ring structure around the direct beam can be identified as a transmission SAXS artifact resulting from the presence of raised nonuniformities in the film structure. In fact, the presence of sample "bubbles" of about 3 m thickness at the wafer edge was verified by SEM imaging. As discussed previously, 17 the existence of a random orientation of lamellar domains giving rise to uniform rings of scattering about the direct and reflected beams is to be expected when interface ͑air-polymer and polymer substrate͒ effects are negligible for relatively thick films. The presence of diffuse peaks in the vertical direction close to the beamstop is associated with the preferential alignment of lamellae parallel to the substrate surface. 4, 17 Diblock copolymer film samples heated to 150°C were thermally quenched to 90°C as indicated by the temperature profile of Fig. 6 . GISAXS datasets were collected for 4 s exposures with 5 s data transfer times between scans. The GISAXS scattering profiles were first corrected for refraction, absorption, Yoneda enhancement, and parasitic background. 3, 26 An effective measure of the scattering associated with parallel orientation of lamellar domains is obtained by integrating over the interference peaks seen about the vertical beamstop ͓red rectangle, Fig. 5͑b͔͒ . No measurable shifts in the vertical peak positions were identified as a function of time following the thermal quench implying that the spacing of the lamellar structure is constant. A measure of the scattering associated with the random orientation of lamellar domains is obtained by integrating over the regions identified by black squares on the Yoneda-enhanced streak in Fig. 5͑b͒ . An estimated lamellar thickness of 21 nm is obtained from the location of the peaks along the Yoneda streak, associated with the in-plane direction. The resulting trends corresponding to the development of parallel lamellae orientation and random orientation are shown in Fig. 6 .
As seen in Fig. 6 , the initial response of the system to the thermal quench from the melt state is the immediate, nonisothermal formation of randomly oriented lamellae. The decay of this metastable state is accompanied by isothermal, sigmoidal growth of the scattering associated with the development of parallel lamellae orientation. The kinetic ordering process associated with the growth of the volume fraction of polymer exhibiting parallel lamellae can be readily characterized using an Avrami semiempirical model. 27 According to this approach, the time-varying fraction of sample volume in the ordered phase, ͑t͒, following a thermal quench from the melt phase should exhibit a time dependence of the form
Here k is a kinetic constant related to the rate of nucleation and growth of ͑parallel͒ ordered volume fraction, and n is the so-called Avrami exponent which offers a rough guide to the nature of the transformation process. The integrated intensity, I͑t͒, over the interference peaks identified in Fig. 5͑b͒ offers a useful measure of the parallel lamellae ordered volume fraction. Assuming that I͑t͒ approaches an asymptotic limit, I ϱ , as t → ϱ, one can write I͑t͒ / I ϱ = ͑t͒ = ordered volume fraction. The Avrami exponent is then readily obtained 27 from the slope of a plot of ln͓ln͑͑1−͒ −1 ͔͒ versus ln͑t͒. The time evolution of the parallel lamellae volume fraction is plotted using this format in Fig. 7 with the suggestion of two Avrami exponents characterizing the ordering process. At late times, the fit yields an Avrami exponent of 0.8± 0.1. At very early times, immediately following the thermal quench, the fit result using a very small portion of the data suggests an Avrami exponent of 3.9± 0.1. This is a tentative interpretation only, given the very limited temporal window of observation. Early work 28 in the study of phase transition kinetics of bulk asymmetric diblock styrene-butadiene identified a similar two-part growth law with n = 4 at early times and n =1 at late times. It was there suggested that, in the case of an isotropic, thermally activated growth process, the exponent n = 4 indicated a constant nucleation rate while n = 1 indicated pure one-dimensional growth after all nucleation sites were saturated. Previous work 29 using ex situ x-ray reflectivity studies of the parallel lamellae structure in films of symmetric diblock styrene-isoprene copolymer as a function of annealing time ͑tens of minutes͒ following spin coating identified an Avrami exponent of 3, roughly characteristic of a decreasing nucleation rate. In this work, parallel reorientation of the lamellar domains is identified as a separate process occurring after the initial microphase transition.
V. CONCLUSIONS
A sample chamber allowing in situ measurement of time-and temperature-dependent GISAXS scattering profiles of film samples over temperatures ranging from ambient to 400°C is described. The chamber presented in this article is based on an earlier system 20 and demonstrates significantly improved thermal quenching capabilities. The chamber has been used successfully in characterizing the temporal evolution of lamellar domain ordering in a symmetric diblock copolymer film following a rapid thermal quench from the melt state.
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